Abstract In addition to the differences between populations in transcriptional and translational regulation of genes, alternative pre-mRNA splicing (AS) is also likely to play an important role in regulating gene expression and generating variation in mRNA and protein isoforms. Recently, the genetic contribution to transcript isoform variation has been reported in individuals of recent European descent. We report here results of an investigation of the differences in AS patterns between human populations. AS patterns in 176 HapMap lymphoblastoid cell lines derived from individuals of European and African ancestry were evaluated using the Affymetrix GeneChip Ò Human Exon 1.0 ST Array. A variety of biological processes such as response to stimulus and transcription were found to be enriched among the differentially spliced genes. The differentially spliced genes also include some involved in human diseases that have different prevalence or susceptibility between populations. The genetic contribution to the population differences in transcript isoform variation was then evaluated by a genome-wide association using the HapMap genotypic data on single nucleotide polymorphisms (SNPs). The results suggest that local and distant genetic variants account for a substantial fraction of the observed transcript isoform variation between human populations. Our findings provide new insights into the complexity of the human genome as well as the health disparities between the two populations.
Introduction
The existence of health disparities between human populations, for example, the differential response to therapeutic treatments ) and higher risks of certain common diseases has been reported by clinical scientists. However, the genetic basis for population differences in clinical outcomes and risk of common disease is not fully understood Ioannidis et al. 2004; Kurian and Cardarelli 2007) . In the past few years, gene expression has been studied as a quantitative complex phenotype (Morley et al. 2004; Stranger et al. 2005) , which sits between genetic/non-genetic variations and other more complicated cellular or whole-body phenotypes. Therefore, studying variation in gene expression between populations may help explain these health disparities. In addition to several differences between populations in transcriptional and translational regulation of genes, alternative premRNA splicing (AS) is also likely to play an important role in regulating gene expression and generating variation in mRNA and protein isoforms. The initial sequencing and analysis of the human genome suggested an unexpectedly low gene number of 30,000-35,000 (Lander et al. 2001; Venter et al. 2001) , which raises the question of the source of the complexity of the human genome. Numerous studies such as those using expressed sequence tags (ESTs) and cDNAs aligned to the genomic sequences have shown that AS is prevalent in mammalian genomes (Sorek et al. 2004) . It has been estimated that between one-third and two-thirds of all human genes undergo alternative splicing (Sorek et al. 2004 ) and the disruption of specific AS events has been implicated in several human genetic diseases including cancer (Brinkman 2004; Faustino and Cooper 2003; Novoyatleva et al. 2006) .
Studies using the International HapMap Project (http:// www.hapmap.org) resources (Frazer et al. 2007; International HapMap Consortium 2003 , 2005 ) have shown that common genetic variants in the form of single nucleotide polymorphisms (SNPs) contribute to gene expression variation within the same HapMap population ) as well as between the different HapMap populations (Spielman et al. 2007; Storey et al. 2007; Stranger et al. 2007; ). The Phase I/II HapMap samples are comprised of a panel of lymphoblastoid cell lines (LCLs) derived from individuals of northern and western European ancestry collected by Centre d'Etude du Polymorphisme Humain (CEPH) (CEU: CEPH individuals from Utah, USA, 30 parentschild trios), individuals of African ancestry (YRI: Yoruba people from Ibadan, Nigeria, 30 parents-child trios) and individuals of eastern Asian ancestry (CHB: Han Chinese from Beijing, China, 45 unrelated samples; JPT: Japanese from Tokyo, Japan, 45 unrelated samples). Recently, studies have begun to demonstrate the genetic contribution to the transcript isoform variation in the unrelated CEU samples (Hull et al. 2007; Kwan et al. 2007 Kwan et al. , 2008 . However, the systematic comparison of the transcript isoform variation including AS events between human populations and their regulation by common genetic variants have not been comprehensively investigated. We therefore utilized the Affymetrix GeneChip Ò Human Exon 1.0 ST Array (exon array), which contains probes for *20,000 well-annotated human genes (*1.4 million annotated and predicted exons corresponding to 17,745 transcript clusters using the core set of exon-level probesets supported by RefSeq (Pruitt et al. 2007 )), to study 176 HapMap samples (87 CEU and 89 YRI) from parentsoffspring trios.
One potential problem with the use of oligonucleotide expression arrays is the possibility that SNPs located within probes could affect hybridization efficiency (Gilad et al. 2005 ) and lead to false expression quantitative loci (eQTLs) (Alberts et al. 2007 ). This effect was also observed in our exon array expression data. We described this effect in a previous publication using HLA-DPB1 as an example . To reduce the potential variability associated with this effect, we filtered out probesets (exonlevel) containing all known SNPs in the current dbSNP database (version 129) (Duan et al. 2008b ) maintained by the National Center for Biotechnology Information (NCBI) before summarizing transcript cluster (gene-level) expression signals. In addition, a recent publication suggested that the effect of unannotated or undiscovered SNPs is quite small for the exon array using the unrelated CEU samples (Kwan et al. 2008) . Our goals were then to identify probesets that showed transcript isoform variation between these two populations, to determine what biological processes or pathways were enriched in the genes containing differentially spliced probesets and to evaluate the contribution of local and distant genetic variants (SNPs) to the observed population differences in transcript isoform variation (see Supplemental Fig. 1 for the workflow). Specifically, we focused on the differences between the CEU and YRI samples in simple cassette exon skipping events. Splicing index (SI), defined as the relative contribution of a probeset (exon-level) to transcript cluster (genelevel) expression (Affymetrix Inc. 2006; Gardina et al. 2006 ) was used to evaluate any transcript isoform variation between the two populations.
Materials and methods
Cell lines, RNA isolation and chip hybridization Details for this part including our approach to avoid systematic bias were described in a previous publication . Briefly, HapMap cell lines (International HapMap Consortium 2003 , 2005 ) (30 CEU trios and 30 YRI trios) were purchased from Coriell Institute for Medical Research (Camden, NJ). Two CEU samples (GM10855 and GM12236) were not available from Coriell at the time of the study. The viability of two lines (GM12716, GM18871) was below 85% at the sample collection time. Therefore, a total of 176 cell lines (87 CEU samples and 89 YRI samples) were included in this study. Total RNA was extracted using Qiagen Qiashredder and RNeasy plus kits (Qiagen, Germantown, MD) according to manufacturer's protocol. All 176 RNA samples had high quality and showed no signs of DNA contamination or RNA degradation. RNA samples were immediately frozen and stored at -80°C. For each cell line, ribosomal RNA was depleted and cDNA was generated, which was fragmented and end labeled. Approximately 5.5 lg of labeled DNA target was hybridized to the Affymetrix GeneChip Ò Human Exon 1.0 ST Array at 45°C for 16 h per manufacturer's recommendation (http://www.affymetrix. com/products/arrays/exon_application.affx). Hybridized arrays were then washed and scanned on a GCS3000 Scanner (Affymetrix, Santa Clara, CA).
Data Filtering for SNPs in probes, signal normalization and summarization Expression arrays were analyzed using the Affymetrix PowerTools v1.8.6 (http://www.affymetrix.com/support/ developer/powertools/index.affx). The start and end coordinates of all probes represented on the exon array were queried and determined against the human genome (hg18). The coordinates for all SNPs were then queried in the dbSNP database (version 129) (http://www.ncbi.nlm.nih. gov/projects/SNP) and used to identify probes harboring known SNPs. Of the *1.4 million probesets on the exon array, 350,382 probesets contained at least one probe with a SNP (*600,000 probes). The probeset signal intensity files were filtered by removing those *600,000 probes from the probesets harboring these known SNPs (Duan et al. 2008b) . Probe intensities were then background corrected and quantile normalized over all 176 samples. The data were then log 2 transformed with a median polish. Gene-level expression of 17,745 transcript clusters was summarized using the RMA (robust multi-array average) (Irizarry et al. 2003 ) method with signals generated on a core set [i.e., with RefSeq-supported (Pruitt et al. 2007 ) annotation] of exons (*110,000 probesets). A transcript cluster or probeset was defined to be reliably expressed in LCLs if the log 2 transformed expression signal was greater than 6 in at least 80% of the 176 samples. A total of 8,565 of the 17,745 core transcript clusters met these criteria. To avoid annotation ambiguity, the final analysis dataset is comprised of 7,701 expressed transcript clusters (corresponding to 102,729 probesets, a minimum of 3 probesets for each transcript cluster) with unique gene annotations (based on NCBI Human Genome Build 34) as retrieved from the Affymetrix NetAffx Analysis Center (http://www. affymetrix.com/analysis/index.affx).
Detecting differentially spliced probesets between populations
Candidate probesets differentially spliced between the CEU and YRI samples were detected by calculating the splicing index (SI) (Affymetrix Inc. 2006; Gardina et al. 2006) . The SI represents the log-transformed normalized exon-level probeset intensities by the gene-level transcript cluster intensities in each sample. SI i;j ¼ log
; where e i,j is the intensity of the jth probeset of the ith transcript cluster, g i is the intensity of the ith transcript cluster and SI i,j is the splicing index of the jth probeset of the ith transcript cluster. The permutation-based free step-down approach of Westfall-Young (W-Y approach) (Westfall and Young 1993) was used to detect probesets with differential SI values between the CEU and YRI samples. The basic test was the standard pooled variance t statistic. Because of the relatedness among family members, trios were permuted between the two populations. The W-Y approach (n = 10,000 permutations) was then used to compute simultaneous P values that control the overall or family-wise error rate. In addition, the W-Y approach (n = 10,000 permutations) was applied on the unrelated CEU or YRI samples to detect potential differential probesets between males and females. The probesets with a significant permutation-adjusted P value (P c \ 0.01) were chosen for further analyses. The permutation-adjusted onesided P values were calculated using the software Permax 2. (Thomas et al. 2003) among the genes that showed differential transcript isoform variation between the CEU and YRI samples. The analysis set of 7,701 uniquelyannotated transcript clusters were used as the background list. Biological processes that were overrepresented relative to the background were selected (5 hits or more, Fisher's exact test P c \ 0.50 after Benjamini-Hochberg, BH correction) (Benjamini and Hochberg 1995; Huang da et al. 2007 ). The same criteria were applied to identify enriched pathways. In addition, DAVID was also used to check if there were any genes with known AS events among our identified genes with differentially spliced probesets between the two populations. We further examined if these identified genes were involved in any Mendelian diseases as annotated in the Online Mendelian Inheritance in Man 
Cluster analysis
For the differentially spliced probesets, the Pearson correlation coefficients of the SI values were computed for the 176 samples to represent pairwise similarity. The probesets were then grouped by a hierarchical clustering algorithm (Eisen et al. 1998 ) using the average linkage method, which was implemented in the MeV:MultiExperiment Viewer (Saeed et al. 2003) (http://www.tm4.org).
Identifying common genetic variants correlated with AS patterns
The SI values of the differential probesets were evaluated for association with SNP genotype using the QTDT software (Abecasis et al. 2000a, b) . The association study was carried out in the combined CEU and YRI data with gender and population as covariates (QTDT P \ 3.18 9 10 -8 , P c \ 0.05 after Bonferroni correction by *1.57 million common SNPs in both the HapMap CEU and YRI populations). The incomplete trios were also used in the QTDT analysis. We defined a probeset as locally-regulated if the SI was associated with a SNP(s) within 2.5 Mb on the same chromosome, while a probeset was distantly-regulated if the SI was associated with SNP(s) on different chromosome(s) or more than 2.5 Mb away on the same chromosome.
Validation of transcript isoform variation between populations
Total RNA from 53 unrelated CEU and 48 unrelated YRI cell lines was extracted using the RNeasy Mini kit (Qiagen Inc., Valencia, CA) following the manufacturer's protocol. RNA quality assessment and quantification were conducted using the optical spectrometry 260/280 nm ratio. Subsequently, mRNA was reversely transcribed to cDNA using Applied Biosystems High Capacity Reverse Transcription kit (Applied Biosystems, Foster City, CA). Reverse transcription reactions were prepared to yield a final cDNA concentration of 50 ng/uL. Primers used for quantitative RT-PCR (Supplemental Table 3 ) were designed using Primer3 software (Rozen and Skaletsky 2000) . Expression measurements were performed on the Applied Biosystems 7500 Real-Time PCR system. Total reaction was carried out in 25-lL volume which consisted of 12.5 lL ABI SYBR Universal mix (Applied Biosystems, Foster, CA), 1.5-lL primers along with 10-lL diluted cDNA. The thermocyler parameters were: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s/60°C for 1 min. Each cycle threshold (C t ) value obtained for each probeset of interest was quantified into relative expression levels using the relative standard curve method (Applied Biosystems 2004). Each standard curve was created using a mixture of cDNA of known concentration from all samples being tested. Each experiment was conducted in duplicate for samples from both populations. A ratio comparing the relative quantity of the probeset of interest relative to the quantity of the constitutive exon was compared with the splicing index values from the expression arrays to determine replication of findings.
Results

Detecting differentially spliced probesets between populations
We compared the SI values of 102,729 probesets (belonging to 7,701 uniquely-annotated transcript clusters with reliable expression in LCLs). Using the W-Y approach (Westfall and Young 1993) that adjusts for the trio structure in these samples, 782 probesets within 570 transcript clusters had significantly different SI values (P c \ 0.01, permutation-adjusted), indicating variations in AS events between the CEU and YRI samples. Among the 782 probsets, we found that 397 probesets had significantly lower SI values in the CEU samples, while 385 probesets had significantly lower SI values in the YRI samples. Figure 1 shows the genomic distribution of these differentially spliced probesets. No chromosomes were overrepresented or underrepresented in terms of the number of differentially spliced probesets (P c \ 0.05 after BH correction). In addition, 514 out of the 782 differential probesets were in coding regions and the remaining 268 probesets were in untranslated regions (UTRs). The details of these 782 probesets are presented in Supplemental  Table 1 . The 782 probesets could be grouped into two distinguishable clusters representing the populations based on the splicing index values (Fig. 2) .
Biological process and pathway analyses Three GO biological processes (''response to stimulus'', ''regulation of cellular process'' and ''transcription'') and four PANTHER biological processes (''nucleoside, nucleotide and nucleic acid metabolism'', ''asymmetric protein localization'', ''cell proliferation and differentiation'' and ''cell structure and motility'') were found to be enriched in the 570 uniquely-annotated transcript clusters (P c \ 0.50 after BH correction) ( Table 1 ). At the same significance level, one KEGG pathway (''antigen processing and presentation'') was found to be enriched among these transcript clusters (P c \ 0.50 after BH correction) ( Table 1) . Among the 570 differentially spliced genes, 80 are linked to certain diseases as maintained in the OMIM database (Supplemental Table 1 ), though no individual disease was enriched (P c \ 0.50 after BH correction). These diseases include, for example, type I diabetes and certain types of cancer. In contrast, the term ''immune (disease)'' (41 genes, P = 0.0075, P c = 0.13 after BH correction) was enriched among these genes by searching the ''GENETIC_ASSOCIATION_DB_DISEASE_ CLASS'' database, which compiles *9,000 associations from the literatures by DAVID (Dennis et al. 2003; Huang da et al. 2007) . Notably, among the 570 differentially spliced genes we identified, 171 genes are known to have alternative products (Supplemental Table 1 Table 2 lists the details for all significant SNP/SI relationships (P c \ 0.05 after Bonferroni correction).
Validation of transcript isoform variation between populations
From the probesets that were differentially spliced (Supplemental Table 1 ), we randomly chose 3 internal exons: PS3764493 (MTMR4), PS3303658 (MRPL43) and PS3476020 (MPHOSPH9) to experimentally validate. In addition, we included PS3527423 (PARP2) as the positive control, which was previously shown to be differentially spliced in the unrelated CEU samples (Kwan et al. 2008) .
Using the unrelated CEU cell lines, we confirmed the within-population variation of probeset PS3527423 (PARP2) demonstrated by Kwan et al. (2008) (Supplemental Fig. 2 ). Quantitative Real-Time PCR showed a difference in the ratio of isoforms between the two populations for probesets PS3764493 (MTMR4) and PS3303658 (MRPL43) (Supplemental Fig. 3 ). The quantitative RealTime PCR results for PS3764493 (MTMR4) and PS3303658 (MRPL43) were consistent with the trend of SI values calculated from the exon array data (Supplemental Table 1 ).
Discussion
The Affymetrix GeneChip Ò Human Exon 1.0 ST Array was utilized to measure probeset (exon-level) expression in EBV (Epstein-Barr Virus)-transformed LCLs derived from 176 apparently healthy individuals (CEU, 87 cell lines; YRI, 89 cell lines) . Transcript cluster (gene-level) expressions were computed by summarizing signals from RefSeq-supported (Pruitt et al. 2007 ) exons (core set) within each transcript cluster. Our first goal was to identify probesets in transcript clusters with evidence for between-population transcript isoform variation. We compared the splicing index values (Affymetrix Inc. 2006; Gardina et al. 2006 ) of 7,701 uniquely-annotated transcript clusters (containing 102,729 probesets). Because nonexpressed exons are known to introduce false positive results in the SI calculation, particularly in the presence of gene expression level changes (Affymetrix Inc. 2006), we limited our analyses to transcript clusters and probesets with reliable expression in the two populations as a whole. To identify meaningful AS events, we only focused on transcript clusters with a minimum of three expressed probesets. A significantly lower SI value in a population Table 1 ). The box plots show some local SNPs associated with the splicing index under an additive model indicates that the particular probeset (exon-level) may be skipped in an AS isoform or that the respective transcription isoform has a lower relative ratio among all isoforms. The proportion of expressed genes (*50%) we defined is comparable to previous observations in LCLs (Cheung et al. 2003; Spielman et al. 2007) , though a precise profiling of expressed genes in these samples has not been investigated experimentally. Using the permutation-based W-Y approach (Westfall and Young 1993) , we identified 782 probesets within 570 transcript clusters that showed differential SI values between the two populations (Fig. 1) . The advantages of the W-Y approach include that (1) it considers dependence between genes when testing expression; (2) it allows the cluster-level permutation, thus taking into account the parents-child trio structure of the CEU and YRI samples. Although differential gene expression between males and females has been detected in a panel of CEPH LCLs (Zhang et al. 2007) , no probesets (at P c \ 0.05, permutation-adjusted) were found to show gender-specific differences in either CEU or YRI samples, suggesting transcript isoform variation may not commonly contribute to gender-specific gene expression. Using RT-PCR, two of the three randomly-chosen exons (67%) from the 782 probesets could be validated for population differences in abundance of respective transcript isoforms (Supplemental Fig. 3) , though a more comprehensive validation would be necessary to provide a more accurate estimation of the current findings. In addition, among the 570 transcript clusters containing differentially spliced probesets, approximately a third (171 genes) are known to have AS events or alternative products (literature-based evidence) as maintained in the PIR database (McGarvey et al. 2000) (Supplemental Table 1 ). Our list of differentially spliced genes between the two populations was found to overrepresent the category of ''alternative products'' relative to the analysis set of 7,701 genes (P = 0.027, P c = 0.093 after BH correction), indicating that many of the identified genes have known alternatively spliced transcript isoforms. Another interesting question would be whether the population differences in transcript isoform variation are mainly regulatory in nature at the level of RNA expression or due to changes at the protein level. We classified the 782 differentially spliced probesets based on their locations in the Fig. 4 Common genetic variants account for transcript isoform variation of OAS1 between populations. Probesets PS3432457, PS3432458, PS3432462 and PS3432463 and PS3432463 of OAS1 were differentially spliced between the CEU and YRI samples. PS3432462 had a lower splicing index in the CEU samples. PS3432457 and PS3432458 had a lower splicing index in the YRI samples (Supplemental Table 1 ). The box plots show some local SNPs associated with the splicing index under an additive model. The red bar in PS3432463 indicates a probe potentially affected by two known SNPs (rs3435934 and rs45507596) in dbSNP v129. This probe was filtered before summarizing the probeset intensity Hum Genet (2009) 125:81-93 89 gene structure. More were located in coding regions (514 probesets) than UTRs (268 probesets) (P \ 2.2 9 10 -16 , binomial test), suggesting that the majority of these population differences are potentially at the protein level.
Since the disruption of specific AS events has been implicated in several human genetic diseases (Faustino and Cooper 2003) , we searched the OMIM database to see if any of the differentially spliced genes are involved in human diseases. Among the diseases found (Supplemental Table 1 ), FSGS (glomerulosclerosis, focal segmental, 1) is known to be more common in African Americans than Europeans (Sorof et al. 1998) . We found that one probeset (PS3832645) of the causal gene ACTN4 (actin, alpha 4) showed significantly lower SI values in CEU, indicating possible skipping in these samples (Supplemental Table 1 ). Another interesting example is TIDM (type I diabetes mellitus). It has been known that fewer African American children develop type 1 diabetes (also known as juvenile onset diabetes) than white children (Diabetes Epidemiology Research International Study Group 1988) . We found that two probesets of OAS1 (2 0 ,5 0 -oligoadenylate synthetase 1), which has been implicated in TIDM showed significantly lower SI values in the CEU (PS3432462, PS3432463) and YRI (PS3432451,PS3432457, PS3432458), separately, suggesting different transcript isoforms could play a role in the racial disparity of this disease (Supplemental Table 1 ). Interestingly, Tessier et al. recently confirmed the association of TIDM with a splicing alteration in OAS1 (Tessier et al. 2006) .
Furthermore, using the DAVID (Dennis et al. 2003 ) web application, three GO biological processes, four PAN-THER biological processes, and one KEGG pathway were found to be enriched among the 570 differentially spliced genes relative to the background (Table 1) . Notably, both the enriched GO term ''response to stimulus'' and the enriched KEGG pathway ''antigen processing and presentation'' are related to immune response. We previously found that transcript clusters (gene-level) differentially expressed between the CEU and YRI samples were enriched in immune response genes . It has been reported that African Americans may be more susceptible to infection by certain bacteria than Caucasians (Noble and Miller 1980) and some genetic polymorphisms that may lead to different antimicrobial response (Jordan et al. 2005) . Our finding that the immune response-related genes were enriched among the differentially spliced genes suggests that AS or transcript isoform variation could be a critical mechanism in defining the racial differences in the infectious diseases. Another enriched GO term is ''transcription'', which includes lower level processes required for the maturation of mRNA such as ''mRNA splicing via spliceosome''. In contrast, the PANTHER biological process ''nucleoside, nucleotide and nucleic acid metabolism'' was also enriched, suggesting that the splicing of these transcriptionrelated genes including those spliceosome-related genes (e.g., splicing factors SFPQ and SFRS5, Supplemental Table 1 ) could potentially be involved in the regulation of transcript isoform variation between human populations. However, since a large proportion of genes have no pathway annotation and the validation of pathways in the databases is often not rigorously performed, interpretation of these results warrants some caution.
Previous studies have shown that common genetic variants account for the population differences in gene expression (Spielman et al. 2007; Storey et al. 2007; Stranger et al. 2007; Zhang et al. 2008a, b) and transcript isoform variation within the unrelated CEU samples (Hull et al. 2007; Kwan et al. 2007 Kwan et al. , 2008 . We tried to investigate if the differences in allele frequency of common genetic variants contribute to the observed differences in transcript isoform variation between the CEU and YRI samples. To identify genetic variants that account for this variation, we carried out a genome-wide eQTL analysis by associating the HapMap genotypic data (International HapMap Consortium 2003, 2005) on *1.57 million SNP markers with the SI values of the 782 differentially spliced probesets using the QTDT software, which has the advantages of conducting the powerful total association analyses using the entire panel of samples while correcting for internal correlations among all the members (Abecasis et al. 2000a, b) . A probeset associated with SNP(s) within 2.5 Mb on the same chromosome was defined as locally-regulated, while a probeset associated with SNP(s) on different chromosome(s) or more than 2.5 Mb away on the same chromosome was defined as distantly-regulated. By combining the CEU and YRI data and using population identity as a covariate, the QTDT analysis after Bonferroni correction provided us a list of SNPs whose associations with differential SI values of probesets were the most striking, suggesting that the allele frequency differences of these associated common genetic variants account for a substantial fraction of the differences in transcript isoform variation between the two populations. Notably, many of the locally associated SNPs and some distantly associated SNPs are in linkage disequilibrium (LD) (Supplemental Table 2 ). For example, two local SNPs, rs2791650 and rs2791648 associated with a probeset of FRAP1 are in complete LD (Supplemental Table 2 ). The allele-frequency-driven transcript isoform variation difference between the CEU and YRI samples is further illustrated in Figs. 3 and 4 , which show some examples of the contribution of local genetic variants to the observed differences in transcript isoform variation. Because of the existence of both local and distant SNPs, our findings also suggest that a complete network of regulation of differential AS patterns could potentially be the result of interactions among various local and distant genetic elements. On one hand, our findings suggest that approximately 30% of the differentially spliced genes could be accounted for by the allele frequency differences of either local or distant single SNPs, an observation similar to what we observed for gene-level expression differences between these two populations ). On the other hand, our findings suggest that the remainder could be due to other mechanisms such as DNA methylation or controlled by multiple SNPs.
In this study, we present the first comprehensive view of the transcript isoform variation and its regulation by genetic variants between individuals of European and African ancestry. Our results suggest that although between one-third and two-thirds of all human genes could undergo alternative splicing (Sorek et al. 2004) , the proportion of genes with differential AS between human populations could be much lower (*8% based on our estimate at P c \ 0.01). A number of biological processes such as those involving immune response and mRNA synthesis were found to be enriched in the differentially spliced genes between the CEU and YRI samples. Our results suggest that genetic variation of DNA sequence contributes to a substantial fraction of the population-level transcript isoform variation, though some other non-genetic factors could also potentially influence the observed differences between populations. Technically, although the reproducibility of the exon arrays is generally high (Affymetrix Inc. 2007; Kwan et al. 2007) , one limitation of this work is that technical replicates were not available for these samples , thus limiting our focus to only sets of genes that are differentially spliced between populations. For a more comprehensive view of the AS patterns, one would need to consider inter-individual and inter-population variation together. Finally, in addition to the intrinsic limitations of using the HapMap samples (e.g., one tissue type), there are other challenges and confounding factors (such as capturing unknown SNPs, YRI samples collected decades after CEU) that might be considered in future studies (Zhang and Dolan 2008b, c) to help us better utilize this tremendous resource to yield new insights into the alternative splicing process in humans.
Data availability
Gene expression data deposited in Gene Expression Omnibus (GEO): GSE9703.
